The res ults of measurements of the corrosion and of the strength of ni ckel cast irons after exposure to different soil conditions for a maximum of 14 years are reported. The magnitude and progress of corrosion, as determined by weight-loss and pit-depth m ea surements, are correlated with t he composition of the materials and the nat ure of t he environmental conditions to which the spe cimens were exposed. The residual s trength of t he corroded cast iron t hat had been remo ve d from the more corrosive soils was evaluat ed by subjecting the pipe specimens t o h y draulic pressures up to 500 Ib/in 2.
Introduction
Corrosion of cast i)."on in soils is characterized by the development of an adherent layer of corrosion products that increases in thickness as corrosion progresses. The thickening of this layer is due in part to electrochemical action between the ferritic and graphitic constitu ents of cast iron and partly to differences in potential that arise from contact of the cast metal with the soil, as, for example, by differ ential aeration. To the extent that corrosion of cast iron is caused by differ ences in potential within the metal itself, improved corrosion resistance would be expected to r esult from improvement in the quality of the casting . Wesley, Copson, and LaQue [IP have shown that the addition of small amounts of nickel and nickel plus chromium alters the structure of cast iron in such manner that galvanic action between the differ ent C(}llstituents is reduced considerably. Larger additions of these alloying elements in amounts sufficient to produce an austenitic structure were shown to be considerably more effective in r educing corrosion under the experimental conditions because of the ennobling effect of nickel and chromium on the potential of iron.
In order to evaluate the effect of additions of nickel and of nickel plus chromium on the corrosion of cast iron in soils, samples of alloy cast irons were included in an extensive series of exposure t ests of materials for underground construction. In 1932, samples of a high-alloy aust enitic cast-iron pipe were buried at 15 test sites, and in 1941 samples of several low-alloy cast irons wer e buried at 13 of the same t est sites, and at 1 other site . In a previous r eport [2] , corrosion data were reported for five periods of exposure for the samples of high-alloy cast iron and for a single period for the samples of low-alloy cast irons. With the completion of thc exposure tests in 1952, data for the la tter materials bccamc available for four periods of exposure, with a maximum exposure of 11 years.
After removal of the samples from the t es t sites, the procedure followed during the early periods of the exposure program was to clean the samples of all corrosion products preparatory to measuring the weight losses and the depths of the deepest pits. This pro-1 Figures in brackets refer to literature references at the end of this paper. cedure was later modified by subj ecting those samples in the form of pipe to hydraulic pressure before r emoval of the corrosion products. This modification was introduced in order to evaluate the strength of the corrosion products r emaining in the pits of the samples that had been perforated by cOlTosion. The methods used for cleaning the corroded samples and for measuring the depth of pitting have been previously describ ed [3] .
Properties of the Soils at the Test Sites
The location of the test sites, the identification of the soil types, and th e properties of the soils that are associated with corrosion are given in tablc 1. The r etentiveness of the soils for water is indicated by the values for moisture equivalent, which is the quantity of water r etained by a previously saturated soil against a centrifugal force of 1,000 times gravity. Because the real specific gravities of rode-forming minerals lie within a narrow range, values for apparent specific gravity are an index of the r elative compactness or porosity of inorgani c soils.
. Description of the Mate rials
The forms, dimensions, and compositions of the specimens are given in table 2. The ends of the pipes wer e closed with cast-iron scr ew caps of the same composition as the spccimens in order to exclude moisture from the interior. As an extra precaution against internal corrosion, the interior surface of the specimens was coa ted with h eavy gr ease.
Weight Losses a nd Maximum Pitting
The data of table 3 indicate that the high-alloy cast iron E was considerably more resistan t to corrosion, as measured by both weight loss and maximum pitting, than either the plain cast iron A or the low-alloy cast irons B, C, D , NC, and N. It is noteworthy that, except in cinders, the deepest pit measured on the specimens of material E in more than 14 years of exposure was only 74 mils.
The effect of composition on the corrosion of the low-alloy cast irons can be observed to somewhat better advantage by calculating the weight losses _of th ese specimens on a relative basis. This would have th e effect of eliminating the differen ces in cOlTosivity of th e soils du e to differential aeration and emphasizing the eff ect of graphitic corrosion. In table 4 the weight losses of materials B , C, and D are shown for each soil and for each p eriod of exposure relative to the plain cast iron A. Except for the well-drained soils of high resistivity (soils 53, 55, and 62), and soil 66 , in which accelerated corrosion of th e alloy cast irons occurred , th e r elative weight losses of the specimens during the initial p eriod of exposure is seen to have decr eased with increasing content of nickel. For example, during the first period of 5 years' duration the weight losses of material D in soils 58 and 63 were only 20 and 16 per cent, resp ectivel~T , of the weight losses of plain cast iron in the same soils for the same p eriod . However , this initial advantage from the addi tion of nick el was usually not m aintained, with the result that the weight losses of the alloy cast irons exposed for th e maximum period u suall~-did not differ greatly from the losses of plain cast iron. H ence, it would appear that the rates of corrosion of the alloys containing the higher amounts of nick el decrease less with t ime than do th e r ates for the alloys containing th e lower amounts of nickel and plain cast iron.
Strength of Corroded Cast-Iron Pipe
Corrosion of cast iron in soils is characteriz ed by the conversion of the m etal into a layer consisting chiefly of oxides of iron and graphite. Although tbe original shape and appearance of th e metal are retained , visual observation gives no indication of the exten t of corrosion ( fig. 1) . It is generally recognized t hat corroded cast iron retains some of its original stren gth , but the exten t to which cast-iron pipe may corrode und erground and still r etain sufficient str ength to withstand the pressures commonly used in water-and gas-distribution systems has not previously b een estimated .
In order to evaluate the residual strength of corroded cast-iron pipe, th e samples of pipe that had been r emoved from the more corrosive soils after the longer periods of exposure were subj ected to hydraulic pressures. The screwcap on one end of each sample was replaced by a similar cap in which a fi tting h ad been inserted and th e pipe section connected by copper tubing to a h and pump of suitable capacity. The pressure was increased at the rate of approximately 10 (1b/in. 2 )/sec until failure of the pipe occulTed or the maximum pressure of 500 Ib/in. 2 was attained. After the application of hydraulic pressure, the corrosion products were removed, and th e condition of the specimens was evaluated in the usual manner. The hydraulic pressures applied to the samples and the number of perforations in the samples after being cleaned are given in table 5.
The data in table 5 show that most of th e specim ens withstood a maximum presssure of 500 Ib/in.2, although removal of the corrosion products revealed numerous holes of variou s diameters. The few low 314 val ues of bursting pressure given in the table probably should no t be taken as accurately measuring the strength of the corroded pipe because of oxidation and probable damage to the pipe in handling and shipping. H ence it is reasonable to conclude that cast-iron pipe in an advanced stage of graphitic corrosion is able to withstand the minimum pressure required of class 150 pipe.
In considering th e da ta of tabl e 5, it is importan t to no te that the pipe samples were subj ected to h ydraulic pressure from 6 months to a year after J r emoval from tbe test sites. Insp ection of the samples showed that during this interval som e oxidation of th e corrosion products occulTed , as was indicated by slight increase in the volume of th e corrosion products. B ecau se oxidation is associated with loss in strength , it is reasonable to assume that if the samples had not b een removed from the test sites, they would have withstood the applied pressure, even if th ey had b een in a more advanced stage of corrosion. Instances of the loss in strength of graphitized cast-iron obj ects on exposure to air have b een cited by Speller [4] .
In order to evaluate the strength of the corrosion products of cast-iron pipe undisturbed by removal from th e test sites, 3-ft sections of 6-in. cast-iron pipe, closed at bo th ends, were buried at 4 of th e Bureau test sites. The investigation was undertaken with th e cooperation of th e Cast Iron Pipe R esearch Association. Provision was made for applying hydraulic pressure to the pipe sections by means of a fitting inserted in the closure at one end of the pipe. According to the plan of th e t est, a pressure of 400 Ib/in. 2 is applied to the pipe sections at approximately 2-year intervals until rupture occurs, at which time the section will be removed and the extent of corrosion evaluated. As none of the pipe sections has fail ed as yet to withstand the applied pressure, the test is n ecessarily incomp lete. However, th e da ta obtained to date in certain of the soils provide significan t information on t he str ength of corroded cast-iron pipe under normal conditions of exposure.
In table 6 are shown th e number of years duri ng which the pipe sections have withstood the applied pressure. For comparison , the condition of similarly exposed specimens of cast-iron pipe, as indicated by th e maximum and average penetration, is also shown . The data r eported for site 70 is especially significant. Although 1 of the control specimen s was perforated within 6 years, the 3-ft section has withstood the applied pressure for 24 years, during which time it would be expected to be converted almost entirely to corrosion products. Similarly, the development of a pit 302 mils in depth in 6 years on th e control sp ecimens in soil 118 indicates th at the 3-ft section, which withstood th e applied pressure after 24 years ..> of exposure, should also be in an advanced stage of corrosion .
. Summary
This report. contains the results of measurements of weight loss, maximum dep th of pitting, and of h ydraulic bursting pressure m ade on samples of , nick el cast irons after exposure to differ ent soil condition s. Additions of n ickel up to 3 percent signifi. cantly r educed th e initial corrosion of cast iron in poorly drained soils of low r esis tivity, but this advan tage was no t m ain tained for th e duration of the exposure tests. Samples of au st enitic cast iron containing 15 p er cen t of nick el, togeth er with chromium and copper , showed good r esistance to corrosion in most of th e soils, esp ecially with r esp ect t o maximum d epth of pi t ting. With some exceptions, samples of severely corroded plain and low-alloy cast-iron pipe withstood a maximum hy draulic pressure of 500 Ib/in. 2 after exposure at the test sites for periods up to 11 years and storage in th e laboratory for approximately 1 year. B ecause the effect of oxidation in th e air is t o weaken the layer of corrosion products, th e obser ved v alues for h ydraulic bursting pressure are probably to be considered muu mum valu es. The results of incomplete field tests of th e bursting pressure of undi s turbed section of pla in cas t-iron pipe are in good agreem en t wi th t h e r esults of th e measurem en ts m ade on th e stored samples. • Average of 2 specimens removed at each of the 5-and 9-year periods.
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A verage of 3 specimens removed at each or the 7-and H -year peliods. b Average of 2 specimens removed from each site at each peIiod. 
